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• Grazing without reducing water quality
beneﬁts cattle producers and environment.
• Samples collected weekly, then monthly
after grazing to determine long-term effects.
• Daily moves limited cattle access to any
one section of the streambank.
• Preserving streambank and leaving 50%
of forage reduced transport in runoff.
• Management-intensive grazing reduced
extent of negative impacts on water quality.
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A B S T R A C T

The impacts of management-intensive grazing (MIG) of cattle on concentrations of total Escherichia coli, total
suspended solids (TSS), and nitrate-nitrite nitrogen (NO3 + NO2-N), and occurrence of E. coli O157:H7 and selected
antibiotic resistance genes (ARGs) in stream water and/or sediments were evaluated. Cattle were grazed for twoweek periods in May in each of three years. Overall, grazing increased total E. coli in downstream water by
0.89 log10 MPN/100 mL (p < 0.0001), and downstream total E. coli concentrations were higher than upstream over
all sampling intervals. Downstream TSS levels also increased (p ≤ 0.0294) during grazing. In contrast, there was a
main effect of treatment for downstream NO3 + NO2-N to be lower than upstream (3.59 versus 3.70 mg/L; p =
0.0323). Overwintering mallard ducks increased total E. coli and TSS concentrations in January and February
(p < 0.05). For precipitation events during the 24 h before sampling, each increase of 1.00 cm of rainfall increased
total E. coli by 0.49 log10 MPN/100 mL (p = 0.0005). In contrast, there was no association of previous 24 h precipitation volume on TSS (p = 0.1540), and there was a negative linear effect on NO3 + NO2-N (p = 0.0002). E. coli O157:
H7 prevalence was low, but the pathogen was detected downstream up to 2½ months after grazing. Examination of
ARGs sul1, ermB, blactx-m-32, and intI1 identiﬁed the need for additional research to understand the impact of grazing
on the ecology of these resistance determinants in pasture-based cattle production. While E. coli remained higher in
downstream water compared to upstream, MIG may reduce the magnitude of the downstream E. coli concentrations.
Likewise, the MIG strategy may prevent large increases in TSS and NO3 + NO2-N concentrations during heavy rain
events. Results indicate that MIG can limit the negative effects of cattle grazing on stream water quality.
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1. Introduction

Likewise, there is limited data on the persistence of these bacteria or their
genes in riparian environments after removal of grazing cattle. A One
Health panel of four antibiotic resistance genes (ARGs) was chosen to
study antibiotic resistance in this production environment. Targets were
chosen based on their relevance for human, animal, and environmental
health. The sul1 gene codes for sulfonamide resistance and is commonly
targeted in environmental surveillance for ARGs. The ermB gene encodes
macrolide resistance and the blactx-m-32 gene encodes third-generation cephalosporin resistance. Sulfonamides, macrolides, and cephalosporins are categorized as “Highly Important” or “Critically Important” for human health
by national and international public health agencies (WHO, 2019). Furthermore, select compounds within these three drug classes are used to treat infections in humans and food animals, making these gene determinants
relevant for both human and animal health and for environmental surveillance of antibiotic resistance. The fourth PCR target was the intI1 gene,
which codes for the clinical class 1 integron-integrase that is associated
with horizontal gene transfer of resistance to antibiotics, heavy
metals, and other disinfectants, and has been proposed as a marker for
human-impacted antibiotic resistance (Gillings et al., 2015). These four
speciﬁc resistance determinants were selected by a group of scientists seeking to develop a core procedure for surveillance for agricultural antibiotic
resistance, and have been used in previous studies of environmental
resistance (Gurmessa et al., 2021; Yang et al., 2020; Yang et al., 2021).
The objectives of this study were to determine the immediate and longterm effects of MIG on microbial and physiochemical aspects of water quality and safety of a riparian stream, including the concentrations of total
E. coli, total suspended solids (TSS), and nitrate-nitrite nitrogen
(NO3 + NO2-N), and the prevalence of the pathogen E. coli O157:H7 and
selected antibiotic resistance genes.

Riparian ecosystems are transition zones between aquatic and terrestrial ecosystems, and serve as critical buffers that provide important ecological services relative to watershed function and water quality (Capon, 2020;
Skinner, 1991). The presence of palatable forage, water, and/or shade
make riparian locations inviting to grazing livestock. However, unmanaged
grazing can degrade riparian ecosystems and negatively impact water quality. Potential ecological impacts of this unmanaged grazing include decreased productivity of streamside vegetation, deteriorated streambank
stability, soil erosion, unrestricted runoff and the introduction of sediment
and nutrients into surface waters, degraded habitat structure, and reduced
water quality (Fitch and Adams, 1998; Schwarte et al., 2011). Fecal deposition directly in or beside surface water can result in the introduction of fecal
bacteria and pathogens, potentially affecting the health of humans and
other animals (Cooley et al., 2007; Sunohara et al., 2012). Cattle are an important reservoir of E. coli O157:H7, and can carry other pathogens and antimicrobial resistant bacteria (Wells and Berry, 2017). Manure contains
numerous nutrients including nitrogen, which can affect microbial growth
and eutrophication of water bodies, leading to increased algal growth and
decreased oxygen levels (Belsky et al., 1999).
Despite the potential for negative impact, healthy riparian ecosystems
can co-exist with livestock when grazing strategies are employed that
vary grazing intensity, duration, timing, frequency, and length of recovery
to balance with such things as the period of vegetation growth and production (Haan et al., 2006; Schwarte et al., 2011; Swanson et al., 2015). As an
example, early season grazing can allow for sufﬁcient time for new plant
growth to protect the bank from erosion during the dormant season
(Swanson et al., 2015). A simple reduction in stocking rate is often not an
effective means of controlling grazing distribution and associated riparian
function and recovery because grazing animals tend to concentrate in riparian areas regardless of stocking rate (Swanson et al., 2015). Instead, control
within the grazing management unit can be increased through isolating the
larger area into multiple smaller pastures and using rotational grazing to
minimize the amount of time any one part of the riparian area is exposed
to grazing. Management-intensive rotational grazing (MIG) is characterized
by as many as seven or more pastures and high grazing pressure within each
pasture during a short grazing period followed by a long recovery period
(Gerrish and Ohlenbusch, 1998; Shawver et al., 2020). As with other rotational grazing systems, MIG matches available forage with livestock demand but greatly limits the amount of time each pasture is exposed to
grazing (Shawver et al., 2020). The number of annual grazing cycles
through the pastures is based on dominant vegetation type and annual precipitation. Compared to continuous grazing, riparian ecosystems and water
quality can beneﬁt from managed rotational grazing in regard to increased
vegetation cover (Haan et al., 2006), reduced sediment and nutrient transport in runoff (Haan et al., 2006), reduced stream bank erosion (Lyons
et al., 2000), reduction in concentration of fecal indicator bacteria (Sovell
et al., 2000), and improved water clarity (Sovell et al., 2000). In particular,
grazing strategies that limit the congregation of cattle and the concentration of their feces deposits near or in water bodies can limit the risk for introducing pathogens, other fecal bacteria, and nutrients (Hansen et al.,
2020; Schwarte et al., 2011).
Fresh, safe water is a critical natural resource; hence, additional riparian
grazing research is warranted for developing best management practices
that reduce surface water pollution and improve the riparian habitat
(Agouridis et al., 2005; Larsen et al., 1998). Grazing studies that have examined the introduction of fecal bacteria to riparian streams typically have determined the concentrations of fecal indicator microorganisms, rather than
the occurrence of pathogens such as E. coli O157:H7. In addition to zoonotic
pathogens, antibiotic resistant bacteria represent an emerging global health
issue for humans, animals, and the environment, making a One Health approach necessary for more effectively addressing these problems. However,
data are limited regarding the prevalence of naturally-occurring antibiotic
resistant bacteria or genes in riparian or grazing environments, or the potential for their introduction into soils or surface waters by grazing cattle.

2. Materials and methods
2.1. Site description
The research site is along a stream at the US Meat Animal Research Center (USMARC) near Clay Center in south-central Nebraska. The USMARC is
located on the site of the former Blaine Naval Ammunition Depot, used for
the manufacturing and storage of munitions during World War II and the
Korean Conﬂict. Groundwater contamination resulting from these activities
was found on the USMARC property in the mid-1980s, and a groundwater
remediation plan was developed and implemented by the US Army Corps of
Engineers (USACE), with water treatment initiated in 2013 (USACE, 2010).
Wells remove an estimated 14,000 L of groundwater per minute for treatment on a continuous basis. The treated groundwater is discharged into a
0.5 km-long rock-lined canal that was constructed by the USACE as part
of the remediation project, to connect the discharged treated groundwater
to an existing natural drainage. As previously described, the stream traverses approximately 11.3 km across USMARC and into a reservoir, with
the grazing study site located at a distance of 0.5 km from the groundwater
discharge point (Abimbola et al., 2020; Hansen et al., 2020).
The study site is located in a loamy plains ecological site in the Central
Loess Plains Major Land Resource Area (MLRA) (ARS-NRCS-NMSU, 2021;
NRCS, 2006). The physical landscape is comprised of nearly level to gently
rolling plains altered by many narrow, shallow stream valleys. Additionally, the site is located in the Rainwater Basin wetland region, a broad ecological area encompassing 9700 ha that occupies portions of the 13
northernmost counties in the Central Loess Plains MLRA (ARS-NRCSNMSU, 2021; NRCS, 2006). The dominant soil order in the Central Loess
Plains is mesic, ustic Mollisols (NRCS, 2006), and the dominant soil series
in the study site is Hastings silt loam (NRCS, n.d. Web Soil Survey). Most
of the grassland at USMARC is a mixture of introduced and native grasses
utilized for grazing and haying. Vegetation within the study site is dominated by introduced, cool-season perennial grasses such as Kentucky bluegrass (Poa pratensis) and smooth bromegrass (Bromus inermis).
The 30-year average annual precipitation at the study site was 73.1 cm
of precipitation, with 75% falling during the growing season from April
2
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To determine if the cattle were shedding E. coli O157:H7, freshly defecated feces (less than 24 h old) were collected twice weekly during the
two-week grazing event in each year and analyzed for the presence of the
pathogen. Fecal samples were randomly collected along both stream
banks immediately after the cattle were moved to the next pasture, and
placed in sterile sample bags. Twenty-ﬁve fresh fecal pats were sampled
on each of the four sample days, totaling 100 samples annually.
For each sampling event, all sample types were collected about 0900 h,
placed in coolers, and immediately transported to the laboratory for
processing.

through September (Table A.1). Rainfall during the growing season was recorded at a rain gauge located 0.6 km west of the study site. Precipitation
was measured for 24 h periods starting at 0900 h daily. These data were
supplemented with year-round rainfall and snowfall data collected by a
weather station at the University of Nebraska-Lincoln South Central Agricultural Laboratory, located approximately 9.0 km east-northeast of the
study site.
2.2. Management-intensive grazing of cattle
All animal use protocols were approved by the USMARC Animal Care
and Use Committee.
A 1.03-km long stretch of grassland was selected along the stream. The
fenced 12-ha area was divided into ﬁfteen 0.8-ha pastures, each of which
allowed cattle access to both sides of the bank along the stream (Fig. A.1).
The individual pastures were fenced off using temporary polywire and
step-in posts. The width of the stream averaged 5 m and the distance
from stream bank to nearest boundary fence parallel to the stream ranged
from 5 to 108 m. The stream was the sole water source.
The target for percentage forage utilization in each pasture was
45–50%. Forage availability for stocking rate calculations was estimated as described in the Supplementary Material. The pastures were
rotationally grazed for two-week periods beginning in early May of
each year. Fifty head of fall-calving heifers (ca. 500 kg each) were
grazed in each of Years 1 and 2 (May 10–25, 2017 and May 9–24,
2018, respectively). In Year 3, the pastures were grazed by 39 head of
mature cows (average 590 kg each) from May 8 to 23, 2019. Each pasture was grazed for 1 day with the cattle moved to a fresh pasture at
0900 h the next day. A blend of salt and mineral was moved each morning to the new pasture and its placement varied at distances between 50
and 109 m from the stream edge.

2.4. Analytical methods
2.4.1. Determination of total E. coli and E. coli O157:H7 in water, sediment,
and/or feces
Total E. coli concentrations were determined in 100 mL of each water
sample using IDEXX Colilert reagents with Quanti-Tray/2000 according
to manufacturer's directions (IDEXX Laboratories, Inc., Westbrook, ME).
Total E. coli concentrations are reported as the most probable number
(MPN)/100 mL of water.
For determination of E. coli O157:H7 in water, 100 mL of each sample
was measured into a sterile ﬁltered bag and 100 mL of double-strength tryptic soy broth (TSB; Becton, Dickinson and Company, Sparks, MD) was
added and mixed in by hand massage. For determination of E. coli O157:
H7 in sediment and feces, 10 g of the sample were measured into tared sterile ﬁltered bags and 90 mL of TSB containing 100 mM potassium phosphate
buffer (TSB-PO4; Barkocy-Gallagher et al., 2005) was added and massaged
by hand to mix. The enrichments for all sample types were incubated at
25 °C for 2 h before being transitioned to 42 °C for 6 h, and then held at
4 °C overnight. Enriched water, sediment, and fecal samples were processed
using immunomagnetic separation for E. coli O157:H7 isolation (Berry
et al., 2010). The samples (1.0 mL) and 20 μL of anti-O157 Dynabeads
(Invitrogen Corp., Carlsbad, CA) were placed into deep-well blocks. Blocks
were shaken for 20 min and a Kingﬁsher 96 magnetic particle processor
(Thermo Fisher Scientiﬁc Inc., Waltham, MA) was utilized for bead retrieval, washing, and elution. The concentrated beads (50 μL) were then
spread onto CHROMagar O157 plates (DRG International, Inc., Mountainside, NJ) and incubated for 24 h at 37 °C. The plates were evaluated after
incubation, and characteristic E. coli O157:H7 colonies were screened
using DrySpot E. coli O157 latex agglutination tests (Oxoid Ltd.,
Basingstoke, UK). Suspect E. coli O157:H7 colonies were isolated and
their identities were conﬁrmed by multiplex PCR for genes for O157, H7
ﬂagella, intimin, and Shiga toxin 1 and 2 (Hu et al., 1999). The ﬂiCH7 primer
sequences used in the multiplex PCR were those of Gannon et al. (1997)
and PCR conditions were those of Paton and Paton (1998). To be conﬁrmed
to be E. coli O157:H7, an isolate had the genes for O157, H7, intimin, and at
least one of Shiga toxin genes.

2.3. Sampling procedures: water, sediment, soil, and bovine feces
An upstream-downstream design was used to compare the microbial
and physicochemical water quality of the stream before, during, and after
grazing (NRCS, 2003). In each year, stream water and sediment samples
were collected weekly during a six-week period starting two weeks before
grazing, during the two weeks of grazing, and then ending two weeks
after the grazing period (Weeks (Wk) −2, −1, 0, 1, 2, 3, and Month
(Mo) 1; April into June) and then monthly during the remainder of the
year (July to April).
During each sampling event, ﬁve water samples were collected at each
of the immediate upstream and downstream locations of the stream as it entered and exited the grazing site (Fig. A.1). All downstream samples were
collected ﬁrst, followed by the upstream samples. In addition, ﬁve sediment
samples were collected from the stream bottom at each of the upstream and
downstream sites on each sample date. The water samples were collected
before the sediment samples. In Year 1, two to three soil samples were
also collected at each of the upstream and downstream sites on each sample
date.
Water samples (approximately 1000 mL) were collected in sterile 1000mL polypropylene bottles held on a telescoping sampler pole (Nasco, Fort
Atkinson, WI). At each of the upstream and downstream sites, water was
collected by dipping separate bottles at ﬁve locations spaced evenly across
the width of the stream. Similarly, sediment samples (50 g) were collected
from the stream bottom, by wading into the stream at ﬁve locations evenly
spaced across the width of the stream, at each of the upstream and downstream locations. The sediment samples were collected using a hand trowel
and placed in separate sample bags. The trowel was wiped clean, sanitized
with 70% isopropanol, and wiped dry between each sample. The soil samples were collected using a JMC Backsaver soil sampler with 30.5-cm long,
1.9-cm diameter dry soil sampler tube (Forestry Suppliers, Jackson, MS).
Each soil sample was placed in a separate sample bag, and the sampler
tube was wiped clean and sanitized with 70% isopropanol before collecting
the next sample.

2.4.2. Determination of total suspended solids and nitrate-nitrite nitrogen in
water
The concentration of total suspended solids (TSS) in water was determined using US Geological Survey (USGS) Method I-3765-85 (USGS,
1989). Nitrate-nitrite nitrogen (NO3 + NO2-N) concentration in water
was assessed using US Environmental Protection Agency (USEPA) Method
353.2 (USEPA, 1993).
2.4.3. Determination of antibiotic resistance genes
On each sampling day in Year 1, subsamples of bovine feces, water, sediment, and soil were frozen at −20 °C for later processing for PCR determination of four antibiotic resistance determinants: sul1, ermB, blactx-m-32, and
intI1. The DNA isolation and PCR reactions were performed as previously
described (Meyers et al., 2020). The PCR primers and thermocycling conditions for each ARG are shown in Table A.2. Brieﬂy, frozen samples were
thawed and processed for DNA extraction using the Qiagen DNeasy
Power Soil Kit (Germantown, MD) or PowerWater Kit, according to manufacturer's directions, with a bead beating step used for cell lysis. REDTaq®
3
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Differences were considered signiﬁcant at p < 0.05 and were considered
tendencies at 0.05 < p < 0.10.

ReadyMix™ Reaction Mix (Sigma Chemical, Darmstadt, Germany) was
used with 2.0 μM primers to perform uniplex PCR reactions for each target (Table A.2), and agarose gel electrophoresis was used for amplicon
visualization. Positive and negative controls were run with each reaction. Twelve of 170 water samples were not analyzed because there
was not enough sample for DNA isolation or not enough DNA to
measure.

3. Results and discussion
3.1. Total E. coli concentrations in water
The results from the initial model showed that the treatment, interval,
and interval ∗ year terms had signiﬁcant (p < 0.05) effects on E. coli concentrations. The treatment ∗ year and interval ∗ treatment terms were not signiﬁcant (p > 0.10), indicating that differences in total E. coli concentrations
in water collected at the upstream and downstream locations were consistent over the sampling intervals and over the three years, as demonstrated
in Fig. 1. In the reduced model, the effect of treatment did not interact with
either interval or year, and cattle grazing increased total E. coli concentrations in downstream water by 0.89 log10 MPN/100 mL (p < 0.0001). This
result is consistent with previous reports of increased E. coli levels in
water as a result of cattle grazing along or near riparian streams
(Abimbola et al., 2020; Hansen et al., 2020; Sunohara et al., 2012; Vidon
et al., 2008). In addition to a main effect of treatment, comparisons within
treatment show that total E. coli concentrations in downstream water increased following the introduction of the cattle to the grazing site
(p < 0.05) (Fig. 1). In downstream water, total E. coli concentrations increased from 0.88 log10 MPN/100 mL on Wk −1 to 2.65 log10 MPN/
100 mL on Wk 2 (p = 0.0085) when the cattle were removed. The downstream total E. coli levels remained higher (p < 0.05) or tended to be higher
(p = 0.09) through Mo 2 before dropping to lower levels.
Total E. coli in bovine feces may arrive in water via direct defecation by
cattle, or more typically indirectly via runoff from bovine feces deposited in
surrounding pastures. Among other factors, the persistence of viable E. coli
after defecation is directly associated with the magnitude of the risk for its

2.5. Statistical analysis
Total E. coli concentrations in water were transformed to log10 MPN/
100 mL for statistical analysis. Total E. coli concentrations, TSS (mg/L),
and NO3 + NO2-N (mg/L) levels were analyzed using the PROC GLIMMIX
procedure (SAS Institute Inc., Cary, NC). Approximate normal distributions
were assumed for total E. coli, TSS, and NO3 + NO2-N. The initial model for
the analysis included the ﬁxed effects of year (1, 2 and 3), treatment (upstream or downstream), interval (17 sampling intervals from Week −2 to
Month 11), year ∗ treatment, year ∗ interval, and treatment ∗ interval interactions and the random year ∗ treatment ∗ interval effect. All ﬁxed effects
were tested over the random year ∗ treatment ∗ interval effect. Any nonsigniﬁcant interaction terms were dropped from the initial model and the
data were reanalyzed. Least squares means estimated from the ﬁnal
model are presented in the text and ﬁgures.
Linear regression was performed to determine if there was a linear relationship between the prior 24 h precipitation on the various response variables (interval ∗ year means), using InStat version 3.0 (GraphPad Software,
Inc., San Diego, CA).
The prevalence of the antibiotic resistance genes in feces, water, sediment, and soils was determined in Year 1 only. Selected comparisons of
gene frequencies were assessed using the two-tailed Fisher exact test
(Uitenbroek, 1997).

Fig. 1. Least squares means of total E. coli concentrations (log10 most probable number [MPN]/100 mL) in water collected at the upstream and downstream locations during
the 3-year study. The standard error of the least squares means is 0.40. Asterisks denote intervals with signiﬁcant treatment differences (p < 0.05).
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forage entered the stream upstream from the study site, resulting in average
water concentrations of 5.13 log10 MPN/100 mL for upstream samples and
6.15 log10 MPN/100 mL for downstream samples (data not shown).
Because of the unusual circumstance of upstream contamination and also
because these extreme outliers impacted the analysis by causing nonconvergence, the Year 3 Mo 3 data were omitted from the reduced model.
Total E. coli concentrations increased in both upstream and downstream
water samples from Mo 7 to Mo 9 (December to February; p < 0.05), over
seven months after the cattle were removed from the grazing site (Fig. 1).
At Mo 9, E. coli concentrations in upstream and downstream water were
2.28 and 2.99 log10 MPN/100 mL, respectively. These high E. coli levels
are attributed to overwintering waterfowl. For portions of January and February of each study year, freezing temperatures persisted long enough to
freeze much of the surface water in the region. Because of the continuous
discharge of treated groundwater, the entire section of the stream in the
study site and the approximately 0.5 km-long section immediately upstream remained open and was often some of the only unfrozen surface
water available. On the January and February sampling events (Mos 8
and 9) in each study year, we observed ﬂocks of mallard ducks (up to 200
birds) in the unfrozen water of this entire stretch. The mallard (Anas
platyrhynchos) is the most common North American species of duck, and
will winter as far north as conditions allow, so long as they can ﬁnd food
and open water (Drilling et al., 2020). Previous studies have documented
the potential for negative water quality impacts due to waterfowl including
geese and ducks, which may also transmit zoonotic pathogens or antibiotic
resistant bacteria (Meays et al., 2006; Reed et al., 2003; Somarelli et al.,
2007; Vogt et al., 2019). Indeed, in watersheds with multiple land uses
that included grazing cattle, Meays et al. (2006) found wildlife was the
major contributor of E. coli (>73%), with avian E. coli accounting for
>20% of isolates from all sources.
Comparing the results of this MIG study with those reported for other
grazing studies is difﬁcult because of the many differences between studies,
such as production and grazing systems, cattle numbers and density, experimental designs and sampling frequency, geography and climate, and season of study, etc. However, comparison of the total E. coli concentrations
that we observed to those reported for grazing and storm events in other
studies suggest that a similar MIG strategy may serve to limit the magnitude
of the total E. coli concentrations in surface waters. With the exception of
the Mo 9 levels ascribed to ducks, the peak water concentrations of E. coli
recorded in each year were 3.08, 2.41, and 2.86 log10 MPN/100 ml in Mo
3 of Year 1, Wk 2 of Year 2, and Wk 0 Year 3, respectively (Fig. 2B). In
Years 1 and 3, 1.50 and 2.54 cm of rainfall, respectively, had fallen in the
24 h before the water samples were collected. The Year 2 water samples
were collected after the cattle had been grazed on the site for two weeks.
In comparison, Vidon et al. (2008) reported total E. coli water concentrations up to 4.84 log10 MPN/100 mL when cattle had year-round unrestricted access to the stream. Similarly, Davies-Colley et al. (2008)
observed E. coli water levels of 4.70 to 5.00 log10 MPN/100 mL during
high stormﬂow in a stream located in a region dominated by dairy farming.
E. coli stream water concentrations associated with animal access and storm
runoff in cattle grazing areas between 4.00 and 5.00 log10 MPN/100 mL are
typical (Davies-Colley et al., 2004; Nagels et al., 2002; Oliver et al., 2005;
Stott et al., 2011). Hence, MIG when compared to other grazing systems
may both limit the extent and duration of high E. coli concentrations in
water.

detectable transport into water bodies. Once the cattle are removed and no
longer replenishing the pasture with fresh feces, the numbers of E. coli generally will decrease, although this bacterium can persist and sometimes
grow in feces or soils for weeks up to months (Avery et al., 2004; Berry
et al., 2007; Oliver et al., 2005; Muirhead et al., 2005). The ﬁnding that
total E. coli was consistently higher in downstream water samples compared
to upstream further highlights the ability of this organism to persist in the
environment outside of the gastrointestinal tract; however, other potential
sources of E. coli in addition to cattle may have contributed to this outcome
and are further discussed below.
Rainfall volume and intensity affected E. coli concentrations in stream
water. There was a positive linear regression effect (p = 0.0005) of precipitation amount occurring in the 24 h prior to sampling on total E. coli concentrations in water. Each 1.00 cm increase in precipitation corresponded
with an estimated 0.49 log10 MPN/100 mL increase in total E. coli (data
not shown). Previous studies have shown that heavy rainfall events resulting in runoff can increase concentrations of E. coli and other fecal bacteria
in surface waters in grazing areas or near crop land on which livestock
wastes are applied (Hansen et al., 2020; Oliver et al., 2005; Tornevi et al.,
2014). In summer storms, the presence and density of cattle in pastures
within 50 m of a stream in the previous 30 days increased E. coli concentrations in stream water, with a stronger correlation when cattle were in pastures adjacent to the stream on the same day as the storm event (Hansen
et al., 2020). These ﬁndings suggest that in addition to persistence, the
higher downstream water concentrations of total E. coli observed from
Wk −1 to Mo 2 (mid-May to July) may be due to increased rainfall and runoff during this period; the three months from May through July are normally the months with highest precipitation, due in part to spring and
summer storms (Table A.1). It is notable that waterborne disease outbreaks
are frequently associated with high rainfall and runoff events (Curriero
et al., 2001).
In addition to runoff, stream bottom sediments are a signiﬁcant source
of E. coli and other bacteria for contamination of the overlying water. Outside of its primary habitat in the lower intestine of warm-blooded animals,
E. coli may attach to the surfaces of soil, sand, or other particles; in water,
these particles can settle out and E. coli can remain viable for long periods
and even grow in the sediment environment (Ishii and Sadowsky, 2008;
Savageau, 1983). Animals in the stream and/or heavy rainfall that increases stream volumes and ﬂow can resuspend stream bottom sediments,
increasing concentrations and transport of this microorganism in stream
waters (Agouridis et al., 2005; Davies-Colley et al., 2008; Nagels et al.,
2002). In the current study, increases in total E. coli concentrations coincided with increases in TSS at some intervals, and are further discussed
below.
In the reduced model, there was a signiﬁcant interaction of interval ∗ year (p = 0.0001), indicating differences in water concentrations of
total E. coli concentrations at a particular interval between different years.
These differences were anticipated, given the likelihood for year-to-year
differences in the timing and occurrence of storms and rainfall volumes.
Fig. 2B shows the water concentrations of total E. coli averaged over the upstream and downstream locations in each of the 3 years. Total E. coli concentrations at Wk −2, Wk 0, and Mo 3 were different between Years 1
and 2 (p < 0.05). In addition, total E. coli concentrations at Wk 0, Wk 1,
and Wk 3 differed between Years 1 and 3 (p < 0.05). With the exceptions
of Wk −2 and Mo 3, these differences occurred in sampling intervals in
May, the month in which the highest precipitation normally occurs at this
location (Table A.1). Comparison of Fig. 2A showing the preceding 24 h
rainfall with Fig. 2B highlights several coinciding instances of high rainfall
and increased E. coli concentrations.
In Mo 3 of Year 3, two events combined to result in extremely high concentrations of total E. coli in the water at both the upstream and downstream sampling locations. Firstly, a herd of 283 cattle had been grazed
for one week on a ﬁeld of irrigated forage that was adjacent to the section
of the stream that was immediately upstream from the upstream sampling
location. Secondly, a storm occurring overnight before the Mo 3 sampling
interval dropped 5.3 cm of rain (Fig. 2A). The storm runoff from the grazed

3.2. Prevalence of E. coli O157:H7 in feces, water, and sediment
Freshly defecated bovine feces were collected during the two-week
grazing periods in each year and analyzed for E. coli O157:H7 to determine
if the cattle were shedding the pathogen. In Year 1, E. coli O157:H7 was
identiﬁed in 10% of the 100 feces samples collected, and in 100% of downstream water samples that were collected one week after grazing was initiated (Fig. 3). Thereafter, the pathogen was detected sporadically in
downstream water and sediment through Mo 3. In Year 2, E. coli O157:
H7 was not detected in any sample of bovine feces, water, or sediment. In
5
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Fig. 2. (A) Precipitation that fell during the 24 h preceding the sampling interval, and concentrations of (B) total E. coli (log10 most probable number [MPN]/100 mL),
(C) total suspended solids (TSS; mg/L), and (D) nitrate-nitrite nitrogen (NO3 + NO2-N; mg/L) in water at each interval averaged over treatment, in each year of the
three-year study.
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Fig. 3. Number of downstream water and sediment samples that were positive for E. coli O157:H7 among 10 samples collected at each sampling interval during the three-year
study. Cattle were turned into the grazing site for two-week periods on Months 0, 12, and 24 (early May at Week 0 of each year).

river, and animal trough water. Reported survival ranges from several
weeks up to several months, which support our observations of persistence
for at least 84 to 99 days (Avery et al., 2008; Rice et al., 1992; Wang and
Doyle, 1998). While generic total E. coli has been shown to adapt and become naturalized in soil and sediment environments, whether this occurs
in E. coli O157:H7 is not clear (Ishii and Sadowsky, 2008; Jang et al.,
2017). However, it is clear from this and other research that this pathogen
can persist for long periods in environments outside the gastrointestinal
tract. This presents risks where surface water is concerned, as high rains,
runoff, and/or ﬂooding can transport pathogens, potentially contaminating
food crops or water sources for human or animal consumption (Cooley
et al., 2007; Curriero et al., 2001).

Year 3, E. coli O157:H7 was not isolated from bovine feces, but was found in
ﬁve downstream water samples collected at the initiation of grazing and in
two downstream sediment samples at Mo 2.
This low prevalence of E. coli O157:H7 is consistent with our understanding of the seasonality of the shedding of this pathogen by cattle. The
cattle were grazed on the site beginning in early May. The prevalence of
E. coli O157:H7 in cattle feces typically is highest in the warmer months
of summer and early fall (Barkocy-Gallagher et al., 2003; Van
Donkersgoed et al., 1999). Furthermore, the shedding of higher concentrations of E. coli O157:H7 in bovine feces may also peak in summer and autumn (Ogden et al., 2004; McCabe et al., 2019). However, in combination
with our fecal pat sampling plan, the occurrence of lower prevalence
and/or concentrations of the pathogen may have caused us to miss its detection in feces of a shedding bovine. By randomly sampling 100 fecal
pats over each annual two-week grazing period, we likely did not sample
feces from each animal and/or did not sample feces from those cows that
were actively shedding E. coli O157:H7 at detectable levels. This may account for the ﬁndings in Year 3 of E. coli O157:H7-positive samples of
downstream water and sediment, without detection of the pathogen in bovine feces. Alternatively, other animal sources of E. coli O157:H7 may have
provided the pathogen that was found in the downstream samples in Year
3. Deer, rabbits, raccoons, opossums, and starlings have been demonstrated
to carry this pathogen, and are common at the USMARC (as reviewed by
Berry and Wells, 2010). Wildlife is a likely source of E. coli O157:H7 isolated from one upstream water sample in the pre-grazing period (Wk −2)
in Year 1 (data not shown).
Although the E. coli O157:H7 isolates were not subjected to molecular
subtyping to conﬁrm linkages between the cattle and environmental samples, the occurrence of the organism in downstream samples during and
shortly after grazing suggests the cattle likely are the source. E. coli O157:
H7 was detected up to Mo 3 in both stream water and sediment samples,
from 84 to 99 days after defecation during the two-week grazing period
(Fig. 3). Numerous studies have examined the in vitro survival of inoculated E. coli O157:H7 in different water types, including municipal, lake,

3.3. Total suspended solids in water
The concentration of TSS was determined as a measure of water turbidity. In the initial model, the interval ∗ year term was not signiﬁcant (p =
0.5524), indicating that the differences in TSS concentrations averaged
over treatment between the three years were consistent over the intervals.
In the reduced model, the signiﬁcant interval ∗ treatment (p = 0.0047) indicated that the difference between the upstream and downstream TSS may
differ among the intervals, so the simple effects of treatment were evaluated. The downstream concentrations of TSS were higher than the upstream TSS at Wk 1 (p = 0.0016) and Wk 2 (p = 0.0294) after the cattle
were introduced to the grazing site (Fig. 4). Downstream TSS levels were
also higher than the upstream TSS in Mo 8 and Mo 9 (p < 0.0001), when
the mallard ducks were present. Comparison of Figs. 1 and 4 shows that
concentrations of both TSS and total E. coli increased in response to the
presence of cattle and ducks in the stream, with a notable exception. In
Mo 8 and 9, TSS concentrations in the upstream water did not increase,
likely because of the rock lining in the stream segment above the upstream
sampling site. Hence, while the ducks contributed E. coli to the stream, the
rocks prevented the resuspension of bottom sediments that is associated
with their paddling and feeding activities.
7
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Fig. 4. Least squares means of total suspended solids (TSS; mg/L) in water collected at the upstream and downstream locations during the 3-year study. The standard error of
the least squares means is 15.36. Asterisks denote intervals with signiﬁcant treatment differences (p < 0.05).

In the reduced model, the treatment ∗ year term approached signiﬁcance (p = 0.1040), indicating that the differences between upstream
and downstream TSS may differ between the years, so the simple effects
of treatment at each year were evaluated. The nearing signiﬁcance of treatment ∗ year was due to the difference among the three years of the magnitude of difference between upstream and downstream TSS. These
differences were signiﬁcant in each year, with downstream TSS being signiﬁcantly higher than upstream TSS. However, the difference was greater
in Year 1 (p < 0.0001) than in Year 2 (p = 0.0067), than in Year 3 (p =
0.0362), as illustrated in Fig. 5.
Unmanaged grazing and unrestricted access to streams can result in decreased vegetation, soil erosion, reduced streambank stability, and unrestricted runoff, all of which exacerbate the introduction of sediments into
streams, thereby increasing water turbidity (Belsky et al., 1999; Fitch and
Adams, 1998; Schwarte et al., 2011; Vidon et al., 2008). Unrestricted cattle
access resulted in an 11-fold increase in TSS in stream water in the summer
when the animals spent more time near or in the stream (Vidon et al.,
2008). In a long-term study examining the effects of grazing management
on soil erosion from pastures, Pilon et al. (2017) found that TSS concentrations in runoff from continuously grazed watersheds averaged 126 mg/L
compared to rotationally grazed watersheds that averaged 63 mg/L TSS.
While the cumulative runoff volumes between these two grazing strategies
did not differ, the cumulative TSS load (kg/ha) was higher for a continuously grazed compared to a rotationally grazed watershed (Pilon et al.,
2017). In comparison, we did not observe a signiﬁcant linear regression
of the previous 24 h precipitation volume prior to interval measurement
on TSS (p = 0.1540). This lack of association of TSS and rainfall maybe
the result of the MIG strategy that we employed. While the cattle had access
to the stream during grazing, with the daily moves, no one segment of the
stream was continuously occupied by cattle. Additionally, aiming for forage
removal of 45–50% left substantial vegetation cover on the pastures and

streambank. Both approaches likely served to stabilize the streambank
and surrounding ground, thereby limiting sediment transport during high
rainfall events. Furthermore, the remaining vegetation may also have reduced the intensity of the inﬂux of runoff into the stream, which in turn
may have limited the resuspension of stream bottom sediments and subsequently TSS concentrations.

Fig. 5. Least squares means of total suspended solids (TSS; mg/L) in water collected
at the upstream and downstream locations in each year during the 3-year study. The
standard error of the least squares means is 6.38. Asterisks denote the years with
signiﬁcant treatment differences (p < 0.05).
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develop healthy riparian plant communities may enhance nitrogen reduction from surface water. Furthermore, like TSS, the vegetation remaining
after grazing may have limited NO3 + NO2-N transport in runoff. It is
also possible that decreases in NO3 + NO2-N water concentrations associated with increases in the previous 24 h precipitation may be a result of dilution by rainfall (Hinckley et al., 2019).
There was a signiﬁcant interaction between interval and year on
NO3 + NO2-N (p < 0.0001), meaning that the differences in the
NO3 + NO2-N concentration between the three years at a particular interval were different. These differences between the years occurred at
sampling intervals Wk 1, Wk 3, Wk 4, Mo 3, Mo 7, and Mo 10 (p < 0.05),
with no consistent pattern to the differences (Fig. 2D). Hansen et al.
(2020) previously reported that nitrate-N concentrations of the groundwater at the discharge point of this stream ranged from 2.6 to 3.6 mg/L. Our
interval ∗ year measurements of NO3 + NO2-N concentrations ranged
only from 2.65 to 4.28 mg/L, leading us to wonder if changes in the
NO3 + NO2-N concentrations in the source groundwater were responsible
for these differences.

3.4. Nitrate-nitrite nitrogen in water
Results from the initial model showed that treatment ∗ year and interval ∗ treatment terms were not signiﬁcant (p = 0.9966 and p = 0.6085, respectively). The non-signiﬁcant treatment ∗ year term indicates that any
differences in NO3 + NO2-N concentrations (averaged over interval) between upstream and downstream treatments were consistent over the
three years. The non-signiﬁcant interval ∗ treatment term means that any
differences in the NO3 + NO2-N concentrations (averaged over year) between upstream and downstream water were consistent over the intervals,
as indicated in Fig. 6. In the reduced model, the effect of treatment did not
interact with either interval or year, and there was an overall main effect of
treatment for upstream NO3 + NO2-N concentrations to be signiﬁcantly
higher than downstream (3.70 versus 3.59 mg/L; p = 0.0323). In addition,
there was a negative linear regression effect (p = 0.0002) of the previous
24 h precipitation volume on NO3 + NO2-N concentrations in water.
Every 1.00 cm precipitation increase resulted in an estimated 0.160 mg/L
decrease in NO3 + NO2-N concentration.
These results were not expected, given the many works reporting livestock grazing contributions of nitrogen to surface waters (Agouridis et al.,
2005; Belsky et al., 1999; Hubbard et al., 2004). Cattle may deposit their
feces containing nitrogen and other nutrients directly into water (Vidon
et al., 2008) or nitrogen from fecal pats may be transported to surface
water in runoff (Smith and Monaghan, 2003). However, in previous research conducted on this stream, Hansen et al. (2020) noted the decrease
in nitrate-N as water ﬂowed through from the groundwater discharge
point to the reservoir, describing the stream as a nitrate-N “losing” stream
system. Removal of nitrogen in stream systems occurs by denitriﬁcation
and as plants, algae, and other aquatic biota utilize available nitrogen
(Mazza and Johnson, 2009). Riparian vegetation inﬂuences nitrogen processing and uptake, and stream and/or grazing management efforts that

3.5. Antibiotic resistance genes in bovine feces, water, sediment, and soil
Data regarding the types and prevalence of naturally-occurring antibiotic resistant bacteria and their genes in riparian grazing environments or
the potential for introduction of antibiotic resistant bacteria into soils or
surface waters by grazing cattle are limited. Hence, our examination was
conﬁned to Year 1 only, as a means to generate information to plan future
work in these environments. Previous research has shown that this four
gene panel of sul1, ermB, blactx-m-32, and intI1 is useful for studying the ecology of antimicrobial resistance in agricultural production systems (Durso
et al., 2012; Gurmessa et al., 2021; Meyers et al., 2020; Yang et al., 2020;
Yang et al., 2021).

Fig. 6. Least squares means of nitrate-nitrite nitrogen (NO3 + NO2-N; mg/L) in water collected at the upstream and downstream locations during the 3-year study. The
standard error of the least squares means is 0.15. Asterisks denote intervals with signiﬁcant treatment differences (p < 0.05).
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and soils that have received limited or no inputs from livestock production
(Durso et al., 2016; Yang et al., 2020). A localized population of sul1containing bacteria may be well-adapted to the environment in the
downstream sediment collection site. More likely, differences in the stream
bottom sediments at the upstream and downstream locations may be
inﬂuencing the differences in sul1 prevalence. As noted above, the section
of the stream immediately upstream from the study site was newly constructed for the groundwater remediation project. This short, new section
(Fig. A.1) is rock-lined, receives limited runoff from the surrounding area,
and is not next to a pasture, although cattle occasionally grazed on crop residue in an adjacent ﬁeld. In addition, the water ﬂowing through the section
is principally the discharged groundwater. In comparing the stream bottoms, the stream bottom at the upstream collection site receives little sediment, and is ﬁrmer and clay-like, while the stream bottom at the
downstream site has a thicker and softer layer of sediment. The looser

Of the four resistance determinants surveyed for this study, sul1 was
most frequently detected, and was detected in all sample types, including
feces, sediment, water, and soil (Table 1). The presence of sul1 gene in
the pre-grazing soil, sediment, and water samples indicates a possible baseline level of sul1-containing bacteria in the watershed. In addition, the grazing cattle contributed sul1 to the environment via their feces, which were
50% positive for the sul1 gene. However, these facts alone cannot explain
the results obtained from both upstream and downstream samples of
water and sediment. Over the course of the entire study, 49 of the 79 downstream water samples were positive for sul1, which tended to be higher
(p = 0.08) than the 37 sul1-positive of the 79 upstream water samples. In
contrast, 82 of the 85 downstream sediment samples were positive for
sul1, which was signiﬁcantly higher (p = 0) than 6 of 85 upstream sediment
samples (Table 1). The sul1 gene is found in environmental bacteria, and
the detection of sulfonamide-resistance genes is common in native soils

Table 1
Percentages of positive samples for each gene target in bovine feces collected in pastures, and in water, sediment, and soils collected at upstream and downstream locations,
Year 1.
Sample type (total n)

Sampling interval

Month

No. of samples

sul1

ermB

blactx-m-32

Feces
(100)
Water
(158)

Wk 0, 1, 2

May

100
(Up, down)
5, 5
5, 5
5, 5
4, 4
5, 5
5, 5
5, 5
5, 5
5, 5
5, 5
3, 5
4, 3
3, 4
5, 4
5, 5
5, 4
5, 5
5, 5
5, 5
5, 5
5,5
5, 5
5, 5
5, 5
5, 5
5, 5
5, 5
5, 5
5, 5
5, 5
5, 5
5, 5
5, 5
5, 5
3, 3
2, 3
2, 3
2, 3
3, 2
2, 3
2, 3
3, 2
3, 2
2, 3
3, 2
2, 3
3, 2
2, 3
3, 2
2, 3
2, 3

50a
Up
60
40
0
75
20
0
60
40
40
100
33
50
67
20
80
60
60
0
0
0
40
0
0
0
40
0
0
0
0
20
0
0
20
0
0
0
50
0
0
0
0
0
0
0
0
0
67
50
0
50
0

92
Up
0
0
0
50
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
20
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0

0
Up
0
0
0
0
0
20
0
0
0
0
33
0
33
60
60
40
80
0
0
20
0
20
0
0
0
0
0
0
0
0
0
0
0
20
0
0
0
0
0
0
50
0
33
0
0
0
0
0
0
0
0

Sediment
(170)

Soil
(85)

a

Wk −2
Wk −1
Wk 0
Wk 1
Wk 2
Wk 3
Wk 4
Mo 2
Mo 3
Mo 4
Mo 5
Mo 6
Mo 7
Mo 8
Mo 9
Mo 10
Mo 11
Wk −2
Wk −1
Wk 0
Wk 1
Wk 2
Wk 3
Wk 4
Mo 2
Mo 3
Mo 4
Mo 5
Mo 6
Mo 7
Mo 8
Mo 9
Mo 10
Mo 11
Wk −2
Wk −1
Wk 0
Wk 1
Wk 2
Wk 3
Wk 4
Mo 2
Mo 3
Mo 4
Mo 5
Mo 6
Mo 7
Mo 8
Mo 9
Mo 10
Mo 11

April
May
May
May
May
May
June
July
Aug
Sept
Oct
Nov
Dec
Jan
Feb
March
April
April
May
May
May
May
May
June
July
Aug
Sept
Oct
Nov
Dec
Jan
Feb
March
April
April
May
May
May
May
May
June
July
Aug
Sept
Oct
Nov
Dec
Jan
Feb
March
April

Percentages in boldface denote percentages greater than zero.
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Down
60
0
0
100
80
100
60
60
100
60
80
0
50
50
80
75
80
100
100
100
100
100
100
100
100
100
100
100
100
60
100
100
100
80
0
100
33
33
0
0
0
0
0
0
50
33
0
0
0
0
0

Down
0
0
0
25
0
0
0
0
20
0
0
0
0
0
0
0
0
0
0
40
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0

intI1
Down
0
0
0
0
0
0
20
0
0
20
0
0
25
25
60
100
100
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
40
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0

1.0
Up
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0

Down
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
20
0
20
0
0
40
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
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concentrations of blactx genes in river water varied with season. The blactx
gene concentration was higher in fall and winter, corresponding to greater
runoff discharge following rainfall, accompanied by elevated turbidity and
ammonium‑nitrogen, and higher dissolved oxygen levels because of colder
water temperatures. Other reported seasonal effectors of AMR genes in surface waters include UVA radiation and the presence of macrophytes
(Reichert et al., 2021).
There was a single detection of the integrase intI1 gene in a sample of
cattle feces during grazing, and four intI1detections in sediment postgrazing, starting approximately four months after animals were removed
(Table 1). This low detection rate was unanticipated, because the clinical
intI1 gene variant is commonly linked to sul1 (Antunes et al., 2005:
Gillings et al., 2015) and sul1 was frequently detected. Environmental
integron-integrase genes are more diverse, but also commonly co-located
with sul1 in the same isolate or community DNA sample (Chaturvedi
et al., 2021; Gillings et al., 2008; Hardwick et al., 2008). As an example,
Chaturvedi et al. (2021) found that detection of these two ARG targets
was correlated as much as 85% of the time in rivers. In all ﬁve instances
that the samples were positive for intI1, they were also positive for sul1.
However, most sul1-positive samples in this study were negative for intI1
(231 of 236 total sul1-positive samples, even after repeat testing for conﬁrmation). While it is unexpected to have such a high percentage of sul1positive samples negative for intI1, reports of sul1-positive isolates and samples that are negative for the class I integrase gene are not uncommon
(Chaturvedi et al., 2021; Koczura et al., 2016).
Working on the premise that the intI1 is indeed a marker for anthropogenic inputs, these data would suggest that the watershed used in this study
is minimally impacted by human activities, even during times when the cattle are grazing. Given the remote location of this watershed, this is a possibility. However, additional work including sequencing-based studies would
be needed before further consideration of this explanation. There have also
been reports of intI1 positive samples not showing a band during electrophoresis (Hardwick et al., 2008), and the possibility of false negative reactions here needs to be considered.

sediment in the downstream site may entrap more bacteria, including sul1containing bacteria, making sul1 presence in the sediment more highly
correlated to sul1 presence in the water ﬂowing above the sediment, as
compared to the upstream sediment.
The high frequency of sul1 detection in both upstream and downstream
water at most all timepoints, including before cattle were introduced into
the system, makes it difﬁcult to ascertain the impact of grazing on this target. In previous work, Naderi Beni et al. (2020) commonly detected sulfonamide antibiotics in the treated groundwater entering this stream, making
it interesting to speculate on an association between the presence of these
sulfa-containing drugs in the groundwater and the common occurrence of
sul1-containing bacteria. Swine production facilities and other livestock operations near USMARC are potential sources of sulfonamide compounds
(Naderi Beni et al., 2020).
The ermB gene was detected in 92 of the 100 bovine feces samples
(Table 1). It was also detected in stream sediment and water, but not soil,
during the time when cattle were grazing. The ermB contributions from cattle feces were not detected in soil, sediment, or water before or after the animals were removed with one exception, which was a single isolation in
downstream water at Mo 3. Consistent with our observations,
erythromycin-resistant enterococci with the ermB gene were commonly detected in bovine feces, regardless of whether or not the cattle had been
treated with antibiotics (Agga et al., 2016). In addition, ermB is common
in bovine manure, manure- and dairy wastewater-amended soils, and runoff from bovine manure-amended/impacted crop soils or pastured ground
(Dungan et al., 2018; Gurmessa et al., 2021; Yang et al., 2020; Yang
et al., 2021). Compared to pastures used for grazing, the soils of more concentrated cattle production in feedlots or dry lots can contain higher concentrations of ARGs. Agga et al. (2019) examined the persistence of
several ARGs, including ermB, in soil following the removal of cattle after
seven years of the continuous use of a beef cattle backgrounding facility
that included both feeding and grazing areas. While there was a reduction
in the concentrations of all ARGs two years after the cattle were removed,
all targets were still present at detectable levels. At all of the time points,
the concentrations of the ARGs were higher in the feeding area than the
grazing area, likely due to greater fecal deposition. Similarly, Yang et al.
(2020) found that the soil concentrations of ermB, sul1, and intI1 genes
were higher in pastures that were continuously grazed, compared to
rotationally grazed pastures, suggesting that continuous deposition of cattle
feces increases ARGs in the soil. In contrast, in the current work the ermB
gene was not detected in any environmental samples before or four months
after grazing, indicating that the use of MIG may limit the accumulation of
ARGs shed by cattle.
The blactx-m-32 gene was not detected in cattle feces samples and infrequently detected in soil and sediment (Table 1). Likewise, blactx-m-32 was
sporadically detected in both upstream and downstream water from Wk
−2 (pre-grazing) through Mo 6 (post-grazing). Interestingly, the blactx-m-32
gene was more consistently detected in water samples from Mo 7 through
Mo 11 (December through April), with no difference in prevalence between
upstream and downstream water (p = 0.76). Combined, these results support
a conclusion that the grazing cattle were not the source of this target in these
samples. While the source is uncertain, the timing of the more frequent
detection of the blactx-m-32 gene coincides in part with our January and
February sightings of the overwintering mallard ducks in the section of the
stream immediately upstream of the grazing site (discussed above). In addition, the earliest spring arrivals of migratory waterfowl in this region often
can appear in late February or early March. Although speculative, it is important to note that migratory bird species can carry a variety of zoonotic pathogens and are considered high risk for spreading these disease agents along
migration routes (Reed et al., 2003; Vogt et al., 2019). The carriage and shedding of antimicrobial resistant bacteria and ARGs by waterfowl have
also been described, including genes for extended-spectrum beta-lactamases
like blactx-m-32 (Literak et al., 2010; Mathys et al., 2017; Vogt et al., 2019).
Alternatively, or in addition to waterfowl, other seasonal changes may
impact the prevalence or concentration of blactx-m-32 or other ARGs in rivers
or surface waters. As an example, Herrig et al. (2020) found that

4. Summary
The management-intensive cattle grazing approach that we employed
appeared to have limited the negative impacts on the water quality of the
stream relative to continuous grazing, depending on the particular measurement of water quality.
Total E. coli concentrations in downstream water were consistently
higher than in upstream water over the sampling intervals and over the
three years of the study. We observed low prevalence of the pathogen
E. coli O157:H7 but detected it sporadically in downstream water and sediment samples up to 2–1/2 months after the cattle were removed. These results corroborate previous data regarding the environmental persistence of
total E. coli and E. coli O157:H7, and further demonstrate that grazing systems that protect water quality can also protect water safety. However,
sampling and observation throughout the seasons also revealed waterfowl
to be an important source of total E. coli to the stream and demonstrated
the difﬁculty in ascribing any negative water quality effects to grazing cattle
alone. Downstream water TSS concentrations were higher than upstream
when the cattle or ducks were present. In contrast, there was an overall
main effect of treatment for NO3 + NO2-N concentrations to be signiﬁcantly higher in upstream water than in downstream water, which may
be functions of nitrogen utilization and denitriﬁcation processes occurring
in the stream.
Rainfall volume and intensity increased total E. coli water concentrations, due either to transport of E. coli from grazed pastures into the stream
or by resuspension of stream bottom sediments containing the organism.
However, when compared to E. coli levels reported after storm events in
other cattle grazing systems, MIG may both limit the extent and duration
of high E. coli concentrations in water. In contrast, there was no association
of the previous 24 h precipitation volume on TSS water concentrations, and
there was a negative linear effect of the previous 24 h precipitation volume
11
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on NO3 + NO2-N water concentrations. These ﬁndings may also result from
the MIG strategy that we employed, which both limited access to the
streambank and controlled forage removal.
Understanding zoonotic pathogens like E. coli O157:H7 and antibiotic
resistance in preharvest livestock environments is just one of the critical dimensions in developing One Health approaches to reducing these health
risks for humans, agricultural systems, and natural ecosystems. Limited
work has examined the prevalence and geospatial distribution of ARGs in
pasture-based cattle production and their associated surface waters. Our examination was conﬁned to Year 1 only, as a means to develop information
and inform future antibiotic resistance work in the grazing environment.
Among the four resistance determinants surveyed, sul1 and ermB were commonly found in the feces of the grazing cattle. However, the high frequency
of sul1 detection in both upstream and downstream water at most all
timepoints, including before cattle were introduced into the system,
makes it difﬁcult to determine the impact of grazing on this gene target.
In contrast, ermB was detected in water and sediment primarily during
the two-week grazing period when the cattle were present. These results
point to knowledge gaps in our understanding of the ecology of individual
antibiotic resistance genes, their persistence and distribution, and the relationships between the forces that drive microbial community structure and
antibiotic resistance gene carriage in agricultural production systems and
the natural environment.
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